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Oxygen-derived free radicals such as hydroxyl and hydroperoxyl species have been
shown to oxidize phospholipids and other membrane lipid components leading to lipid
peroxidation. In the eye, lipid peroxidation has been reported to play an important role
in degenerative ocular diseases (age-related macular degeneration, cataract, glaucoma,
diabetic retinopathy). Indeed, ocular tissues are prone to damage from reactive oxygen
species due to stress from constant exposure of the eye to sunlight, atmospheric oxygen
and environmental chemicals. Furthermore, free radical catalyzed peroxidation of long
chain polyunsaturated acids (LCPUFAs) such as arachidonic acid and docosahexaenoic acid
leads to generation of LCPUFA metabolites including isoprostanes and neuroprostanes
that may further exert pharmacological/toxicological actions in ocular tissues. Evidence
from literature supports the presence of endogenous defense mechanisms against
reactive oxygen species in the eye, thereby presenting new avenues for the prevention
and treatment of ocular degeneration. Hydrogen peroxide (H2O2) and synthetic peroxides
can exert pharmacological and toxicological effects on tissues of the anterior uvea of
several mammalian species. There is evidence suggesting that the retina, especially retinal
ganglion cells can exhibit unique characteristics of antioxidant defense mechanisms. In
the posterior segment of the eye, H2O2 and synthetic peroxides produce an inhibitory
action on glutamate release (using [3H]-D-aspartate as a marker), in vitro and on the
endogenous glutamate and glycine concentrations in vivo. In addition to peroxides,
isoprostanes can elicit both excitatory and inhibitory effects on norepinephrine (NE)
release from sympathetic nerves in isolated mammalian iris ciliary bodies. Whereas
isoprostanes attenuate dopamine release from mammalian neural retina, in vitro, these
novel arachidonic acid metabolites exhibit a biphasic regulatory effect on glutamate release
from retina and can regulate amino acid neurotransmitter metabolismwithout inducing cell
death in the retina. Furthermore, there appears to be an inhibitory role for neuroprostanes
in the release of excitatory amino acid neurotransmitters in mammalian retina. The ability
of peroxides and metabolites of LCPUFA to alter the integrity of neurotransmitter pools
provides new potential target sites and pathways for the treatment of degenerative ocular
diseases.
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INTRODUCTION
Oxidative damage is involved in the pathogenesis of a variety of
chronic degenerative and neurodegenerative diseases. Increasing
evidence indicates that oxidative stress (OS) plays a major role
in ocular pathologies including cataract, age-related macular
degeneration (ARMD), glaucoma, and diabetic retinopathy (DR).
Under normal physiological states, ocular tissues possess sev-
eral intrinsic antioxidant enzymes to cope with OS formed as a
consequence of normal metabolism. During ocular injuries, over-
production of reactive oxygen species (ROS) and free radicals
overwhelms the intrinsic antioxidant mechanisms resulting in OS
and ultimately development of a pathological condition. There
is evidence that products of oxygen-derived free radical pathway
such as peroxides and metabolites of long chain polyunsaturated
fatty acids (LCPUFAs) are involved in oxidative reactions in the
eye and play major roles in the pathogenesis of most ocular dis-
eases (Greene and Paller, 1992; van Reyk et al., 2003; Shichi,
2004; Sangiovanni and Chew, 2005). LCPUFAs are essential struc-
tural components of membrane lipids that are involved in several
physiological functions in the body, including central nervous
system function and development, inflammation, and immuno-
logical responses in the cardiovascular system, amongst other
things (De et al., 1994; Grimble, 1998; Wu and Meydani, 1998).
In the eye, deficiency of docosahexaenoic acid (DHA), the most
abundant LCPUFA, is associated with abnormalities in the visual
system, including retinitis pigmentosa, peroxisomal disorders and
compromised growth and development in infants (Sangiovanni
and Chew, 2005). Tissue damage by oxygen-derived free radicals
www.frontiersin.org December 2013 | Volume 4 | Article 366 | 1
Njie-Mbye et al. Lipid peroxidation: pathophysiological and pharmacology in the eye
has been associated with a variety of pathological conditions in
the eye. For instance, hydrogen peroxide (H2O2) a biologically
derived stable oxidant intermediate, and other peroxide-induced
radicals can inflict damage on ocular tissues by disrupting cellular
structure and function (Wielgus and Sarna, 2008). In addition, to
their patho-physiological role in the eye, oxidant-derivedmetabo-
lites can exert pharmacological actions on tissues of the anterior
uvea and retina. This review summarizes our current state of
knowledge of the contributions of lipid peroxidation to the patho-
genesis of ocular disorders as well as their pharmacological impact
in the eye.
OXIDATIVE STRESS AND OCULAR DEGENERATIVE DISEASES
The eye is constantly exposed to radiation, atmospheric oxygen,
environmental chemicals, and physical abrasion, thus, creating an
environment that supports generation of elevated levels of ROS
(Green, 1995; van Reyk et al., 2003). Evidence from literature sup-
ports a role for excess free radicals in ocular tissues serving as an
underlying pathology in diseases such as cataracts, ARMD, glau-
coma, and various forms of retinopathy (Green, 1995; Osborne
et al., 1999; Shichi, 2004). The biological role of ROS in some
ocular diseases is summarized below.
CATARACT
Cataract is an ocular disease that is characterized by increas-
ing opacity of the lens resulting in visual impairment (Brennan
and Kantorow, 2009; Sacca et al., 2009). Incidence of cataract
increases with age and is one of the leading causes of blindness
and visual impairment in elderly populations in developing coun-
tries (Li et al., 2009; Sacca et al., 2009). Aging is one of the greatest
risk factors for non-congenital cataract formation, but other fac-
tors include gender, exposure to UV light, cigarette smoking,
increase in ROS, decrease in antioxidant defense, and DNA dam-
age (Brennan and Kantorow, 2009; Li et al., 2009; Sacca et al.,
2009).
OS is a well-documented mechanism involved in cataract pro-
gression in which there is prevalent oxidation of lens DNA,
proteins, and lipids (Sacca et al., 2009). There is evidence that
ROS−•OH,O2• - or H2O2—can damage the lens and contribute
to cataract formation (Berthoud and Beyer, 2009). Moreover,
there are studies in literature showing involvement of reactive
nitrogen species (RNS), such as nitric oxide (NO) in cataract
formation (Varma and Hegde, 2007). Furthermore, iron has the
ability to catalyze free radical reactions, thereby propagating OS.
Peroxidation of lipids is another cause of cataracts formation,
impairing lipid-lipid and protein-lipid interactions particularly
in the lenticular fiber membranes (Sacca et al., 2009). Elevated
levels of hydroperoxides, diene conjugates, and oxy-derivatives of
phospholipid fatty acids have been found in human lenses and
aqueous humor (AH) of patients with complicated and senile
cataracts (Sacca et al., 2009). Lipid peroxidation within cells
decreases glutathione (GSH) and leads to DNA impairment while
lipid hydroperoxidation alters membrane permeability, structure,
and microviscosity of lipid-protein mediums (Sacca et al., 2009).
A study by Li et al., has reported significantly higher plasma
concentrations of (Z,E) isomers of hydroxyoctadecadienoic acid
(HODE), oxidation products of linoleic acid, in subjects with
early cataract indicating that lipid peroxidation plays a role in the
progression of lens opaqueness (Li et al., 2009).
The endogenous antioxidant defense enzymes like catalase
(CAT), GSH peroxidase (GPx), superoxide dismutase (SOD), and
peroxiredoxins operate to balance levels of ROS in the lens. For
example, GSH neutralizes H2O2, lipid peroxides, dihydroascorbic
acid, and prevents formation of disulfide bonds by keeping thiols
in the reduced state. Cysteine and methionine residues also func-
tion as antioxidants through reversible protein oxidation. Thus,
under normal physiological conditions, the lens is able to protect
itself from OS stimuli.
GLAUCOMA
Glaucoma refers to a diverse group of ocular disorders that are
characterized by retinal neurodegeneration, visual field defects
and blindness. Affecting approximately 60 million people glob-
ally, glaucoma is ranked as the second leading cause of irreversible
blindness worldwide. This disease accounts for 9–12% of all cases
of blindness in the US. Open angle glaucoma (POAG), the most
prevalent form of this disease, affects about 95% of all glaucoma’s
encountered in US (Sommer et al., 1991). Although elevated
intraocular pressure (IOP) is the major risk factor for POAG,
a small population of patients exhibit visual defects with nor-
mal IOP—a condition termed normal-tension glaucoma. Thus,
IOP elevation does not singularly account for the clinical mani-
festation of the POAG (Collaborative Normal-Tension Glaucoma
Study Group, 1998; The AGIS Investigators, 2000). The etiology
of POAG is attributed to multifactorial mechanisms, including
OS, ischemia, vascular dysregulation, and altered NOmetabolism
(Sacca et al., 2007; Resch et al., 2009).
OS has been hypothesized to play a significant role in the
pathogenesis of POAG (Alvarado et al., 1981, 1984). Indeed,
both experimental and clinical studies implicate OS in the patho-
genesis of POAG. Targets for OS include trabecular meshwork
(TM) structures in the anterior segment and retinal ganglion
cells (RGCs) and the optic nerve head (ONH) structures in the
posterior segment of the eye. Although the exact outflow mecha-
nism has not been completely elucidated, TM cells regulate AH
outflow as part of the conventional outflow pathway and for-
mation and turnover of extracellular matrix (ECM) (Yue, 1996).
Physiological functions of both TM and Schlemm’s canal decline
with aging, a process that is characterized by an increase in oxi-
dant stress (Grierson et al., 1984; Grierson and Howes, 1987).
OS elicits TM degeneration and confers structural alterations in
TM cytoskeleton, thereby compromising its physiological func-
tions (Zhou et al., 1999). In support of this observation, POAG
patients had higher concentrations of lipid peroxidation prod-
ucts in TM and AH, compared to control subjects (Babizhayev
and Bunin, 1989). In the posterior segment, constant light-
exposure of the LCPUFA-rich retina renders it highly susceptible
to OS. Numerous OS biomarkers have been identified, including
4-hydroxy-2-nonenal (4-HNE), and malondialdehyde (MDA).
Indeed, 4-HNE has been reported to induce apoptosis in pri-
mary cultures of normal ONH astrocytes in humans (Malone and
Hernandez, 2007). Furthermore, MDA was elevated in vitreous
and retina of ocular hypertensive rats, suggesting the presence of
OSmechanisms in those tissues (Ko et al., 2005; Yucel et al., 2005).
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Effective defense mechanisms against free radicals are present
in biological systems. In the eye, ascorbic acid which is found in
high concentrations in both the anterior and posterior segment
of the eye, has been shown to be involved in ocular protection
(Izzotti et al., 2006). Reduced GSH is another prominent antiox-
idant found in the eye that protects ocular tissues from damage
caused by ROS (Riley, 1990; Costarides et al., 1991). High GSH
concentrations can be found in the AH and TM of normal mam-
malian eyes (Kahn et al., 1983). There are findings that also
suggest an antioxidant defense system in the aqueous outflow
system (Ferreira et al., 2004; Yang, 2004; Gherghel et al., 2005).
The retina possesses endogenous self-protective mechanisms such
as the upregulation of pro-survival brain-derived neurotrophic
factor (BDNF) and tyrosine kinase (TRK) receptors, expression
of anti-apoptic Bcl-2 and BCL-x genes and increased expression
of heat shock proteins (HSPs) (Gao et al., 1997; Levin et al.,
1997; Chaudhary et al., 1999; Cui et al., 2002; Huang et al.,
2007). The glial cells and ONH astrocytes are well-equipped
with efficient antioxidant defense mechanism for self-protection
against oxidative damage (Malone and Hernandez, 2007). These
cells upregulate survival-promoting signals against ROS-induced
OS and secrete neurotrophic factors that support RGC axonal
regeneration (Qu et al., 2010). Clearly, endogenous defensemech-
anisms exist in both anterior and posterior segments to protect
the eye against ROS induced damage associated with glaucoma.
AGE-RELATED MACULAR DEGENERATION
ARMD is characterized by irreversible loss of central vision. It
is the leading cause of vision impairment and blindness in per-
sons aged 65 and over in industrialized countries (Ethen et al.,
2007; Hollyfield et al., 2008; Hollyfield, 2010). The disease affects
the macula at the center of the eye and as a consequence results
in loss of central vision which significantly impacts the patient’s
ability to read, watch television or drive (Jarrett and Boulton,
2012) Risk factors that contribute to ARMD are heterogeneous,
mainly including increasing age and different genetic predispo-
sitions, together with several environmental/epigenetic factors
such as cigarette smoking, dietary habits, and phototoxic expo-
sure. In the aging retina, free radicals and oxidized lipoproteins
are considered to be major causes of tissue stress resulting in
local triggers for para-inflammation, a chronic status which con-
tributes to initiation and/or progression of ARMD (Parmeggiani
et al., 2012).
Although the development of ARMD is not clearly under-
stood, OS appears to be one feasible pathway (Winkler et al., 1999;
Kasahara et al., 2005; Ethen et al., 2007; Bertram et al., 2009;
Bruban et al., 2009; Hollyfield, 2010). The death of retinal pig-
ment epithelial (RPE) cells due to OS are the primary targets
in the early phase of ARMD (Kasahara et al., 2005). RPE cells
are transporters of selective molecules between choroidal blood
and the neural retina thereby making their death a prime factor
in accompanying photoreceptor damage (Kasahara et al., 2005).
Indeed, OS may cause injury to the RPE cells, the Bruch’s mem-
brane, and the choroid, which are layers in the eye involved in the
pathophysiology of ARMD (Yildirim et al., 2011). OS in ocular
tissues and accumulation of lipofuscin in the RPE may induce
production of ROS leading to lipid peroxidation and eventual
RPE cell death (Winkler et al., 1999).
Multiple defense mechanisms exist in the retina to combat
OS. Endogenous antioxidants, like non-enzymatic scavengers as
GSH and antioxidant enzymes such as SOD, GPx, and CAT,
are the first lines of endogenous defense against OS and act by
scavenging potentially damaging free radical moieties (Yildirim
et al., 2011). Dietary antioxidants like the carotenoids, vitamins
A, C, and E, selenium, zinc, and bioflavonoids showed decreased
risk of vision loss in ARMD (Winkler et al., 1999; O’Connell
et al., 2008). Clearly, opportunities exist for further investi-
gation of preventive and therapeutic measures against ARMD
that reflect the pathways of disease progression and natural
defense systems.
DIABETIC RETINOPATHY
DR is an ocular neuropathy associated with advanced forms
of both diabetes types I and II (Kanwar et al., 2007; Madsen-
Bouterse and Kowluru, 2008). In spite of advancement in research
techniques, increased emphasis on diabetes prevention and ther-
apeutic monitoring, DR remains an important complication of
diabetes and a leading cause of blindness among young, working-
age adults between 20 and 74 years (Centers for Disease Control
and Prevention, 2013). Clinical appearance of DR is preceded by
biochemical, molecular and hemodynamic alterations that begin
early in the disease process. Both clinical and experimental data
have confirmed the role of chronic hyperglycemia as the major
initiating parameter in the pathogenesis of diabetes complica-
tions (Kaiser et al., 1993; Kuusisto et al., 1994; Ohkubo et al.,
1995; Skyler, 1996). It appears that chronic hyperglycemia elic-
its a series of deleterious alterations that culminate in structural
and functional damage to retina. Evidence suggests a prominent
role for OS in hyperglycemia-induced alterations in DR patients
and experimental animals (Yadav et al., 1997a,b; Gurler et al.,
2000). While diabetes patients have elevated plasma OS biomark-
ers compared to normal subjects, DR patients exhibit higher
concentrations of OS biomarkers than diabetes patients with-
out DR, suggesting the significance of OS in the pathogenesis of
DR (Gurler et al., 2000). It has been argued that not only does
chronic hyperglycemia generate ROS, but it sets in motion sev-
eral pathways including, activation of aldose reductase (sorbitol),
protein kinase C (PKC), accumulation of advanced glycation-
end-products (AGE) and release of inflammatory mediators and
vascular endothelial-derived growth factor (VEGF) that further
increases OS and concomitantly impairs endogenous antioxidant
defense mechanisms (Al-Shabrawey and Smith, 2010; Cheung
et al., 2010). Thus, OS is a vital parameter that links hyper-
glycemia and evolvement of DR in diabetic subjects (Kanwar
et al., 2007; Madsen-Bouterse and Kowluru, 2008; Pan et al., 2008;
Zheng and Kern, 2009).
Patients with diabetes also show increased production of lipid
peroxidation, DNA damage, and protein oxidation due to OS.
Indeed evidence shows elevated levels of OS biomarkers such
as malondialdehyde,8-isoprostane (IsoP) E2, F2-IsoP, and lipid
hydroperoxides in plasma of diabetic patients (Pan et al., 2008).
Because the retina is rich in PUFAs and has increased glucose
oxidation and oxygen uptake, it is susceptible to increased OS
in hyperglycemia (Madsen-Bouterse and Kowluru, 2008). The
observed structural and functional changes are likely to result
from lipid peroxidation of the vascular endothelium.
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The retina employs a complex antioxidant defense system to
maintain optimal concentrations of NADPH and GSH including
SOD, glucose-6-phosphate dehydrogenase, GPx, GSH reductase,
and CAT (van Reyk et al., 2003; Zheng and Kern, 2009). There is
evidence that DR is associated with reduced levels of GSH, SOD,
CAT, and ascorbic acid (Madsen-Bouterse and Kowluru, 2008).
Furthermore, there are reports that show SOD activity to be
decreased in the vitreous and anterior chamber of hyperglycemic
patients (Zheng and Kern, 2009).
ROLE OF OXIDANT-DERIVED METABOLITES IN
PATHOGENESIS OF EYE DISEASES
Stress induced by oxygen-derived radicals such as hydroxyl rad-
ical, superoxide anion and H2O2 can be deleterious to cells
(Gilgun-Sherki et al., 2002; Blokhina et al., 2003). In the eye,
free radical-induced tissue damage has been associated with a
variety of pathological conditions. H2O2 in particular, has been
reported to be involved in oxidative reactions in ocular tissues,
thus, indicting a possible role for this peroxide in ocular physiol-
ogy and pathology (Ohia et al., 2005). In addition to peroxides,
metabolites of LCPUFA have also been implicated in the pro-
gression of ocular neurodegenerative diseases. LCPUFAs play a
significant structural and physiological role within the cell. Due
to the abundance of double bonds in their structure, these fatty
acids are highly susceptible to lipid peroxidation to form an array
of oxidant-derivedmetabolites. This susceptibility is further com-
pacted in ocular tissues due to constant exposure of the eye to
light and high lipid content in some ocular tissues (Mainster,
1987; Green, 1995; Organisciak et al., 1998; van Reyk et al., 2003).
In spite of evidence depicting the role of OS in ocular pathology,
further research is warranted to fully delineate the physiological
role and biological impact of oxidant-derived metabolites in the
eye. Table 1 provides a summary of oxidant–derived metabolites
present in ocular tissues and their role in ocular pathology.
PEROXIDES
There is evidence that H2O2 and enzymes involved in its
metabolism is present in both the anterior segment and poste-
rior segment of the eye (Rose et al., 1998; Beatty et al., 2000).
H2O2 is continually produced in the AH by cellular metabolism
and exposure to UV light. The concentration of H2O2 in the
AH and anterior uvea in healthy persons is in the range of 30
and 70μM (Rose et al., 1998). In the AH and corneal epithe-
lium, vitamin C reacts with O2 to form H2O2 in protecting the
eye against UV radiation (Izzotti et al., 2009). In the anterior
segment, free radical-induced tissue damage has been associated
with a variety of pathological conditions such as cataract and
experimental autoimmune uveitis (Wu et al., 1997; Shichi, 2004).
In patients with cataract, concentrations of H2O2 that is ten to
thirty-fold higher than healthy human subjects has been reported
in lens and AH (Shichi, 2004; Wielgus and Sarna, 2008). In addi-
tion, there is evidence that lens epithelial cells are exceedingly
susceptible to OS generated by H2O2. Indeed, short term expo-
sure of epithelial cells to 25–50μM H2O2will disturb normal
metabolism, especially if there is a breach in antioxidant defense
(Ma et al., 2004). H2O2 has also been shown to cause DNA
damage in lens and corneal epithelial cells (Atilano et al., 2009).
Exposure of lens epithelial cells to H2O2 causes opacification and
cataract (Jin et al., 2007). The TM of the eye is particularly sen-
sitive to H2O2-induced OS; high concentrations of H2O2 in GSH
compromised eyes leads to reduced outflow in the AH (Izzotti
et al., 2009).
As opposed to the anterior segment of the eye, not much is
known on the role of oxygen-derived free radicals in the posterior
segment of the eye. Hence further studies are needed to under-
stand the biological role of these metabolites in ocular tissues.
In the retina, H2O2 has been linked to damage due to expo-
sure to light and oxygen (Beatty et al., 2000). Both H2O2 and
enzymes that mediate its metabolism are present in the retina
(Liles et al., 1991; Beatty et al., 2000; Sandbach et al., 2001).
Ascorbic acid has been reported to act as an antioxidant for the
removal of H2O2 in ocular tissues including the retina (Shang
et al., 2003). Interestingly, the concentration of ascorbic acid in
the vitreous humor has been reported to be twice that found in
the AH (Rose et al., 1998). The higher levels of ascorbic acid in the
vitreous humor may serve to protect the retina against the dam-
aging effects of OS and ultraviolet radiation. The concentration of
H2O2 in the vitreous humor of human patients with cataract has
been reported to be two to three times more than the amount of
this oxidant found in normal patients (Shichi, 2004). It remains to
be determined if such high levels of H2O2 in the vitreous humor
can also affect normal retinal function.
Table 1 | Summary of several Oxidant-derived metabolites and their role in ocular pathology.
Oxidant-derived
metabolites
Ocular tissue presence Plausible role Associated ocular pathology
PEROXIDES
H2O2 Cataract, uveitis
Hydroperoxides Lens, aqueous humor Disrupt cell function and structure
Lipid peroxides Lens, retina Cataract,DR
LCPUFA METABOLITES
Hydroxyoctadecadienoic acid
(HODE)
Lens Membrane permeability alteration, cell
structure changes
Cataract
4-hydroxy-2-nonenal (4-HNE) TM, optic nerve, retina Apoptosis, protein modification Glaucoma, ARMD
Malondialdehyde TM, retina, vitreous humor Cytoskeleton alterations, functional changes Glaucoma
ISOPs Aqueous humor, lens, retina Structural and functional damage to tissue Exfoliation syndrome (XFS), cataract, DR
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LCPUFA PEROXIDATION METABOLITES
The interaction of OS and LCPUFA metabolites is a less known
area of research that could have significant implications in
neuronal tissues. LCPUFA metabolites such as isoprostanes
(IsoPs) and neuroprostanes (NeuroPs) have been shown to
be present in mammalian tissues as well as human biological
fluids (Reich et al., 2000; Cracowski et al., 2002; Fam et al.,
2002; Shichi, 2004). IsoPs are spontaneously derived in abun-
dance in vivo from the LCPUFA, arachidonic acid (AA). These
prostaglandin (PG)-like compounds are produced by the free
radical-catalyzed, non-enzymatic peroxidation of AA. Due to the
fact that IsoPs are stable products, whose production increases
with exposure to OS, they have gained acceptance as a reliable
marker of oxidative injury in both in vivo and in vitro animal
models (Gopaul et al., 1995; Delanty et al., 1997; Morrow, 2000;
Shichi, 2004). Analogous to IsoPs, the NeuroPs are formed by
spontaneous free-radical, non-enzymatic peroxidation of DHA
and have been found to be applicable as diagnostic markers
of oxidative injury (Fam et al., 2002; Shichi, 2004; Morrow,
2006). It has been reported that in the mammalian eye, oxidant
stimuli can increase endogenous production of IsoPs in retina
and AH (Nourooz-Zadeh and Pereira, 2000; Koliakos et al., 2003;
LeDay et al., 2004; Yoshida et al., 2006; Dentchev et al., 2007).
Furthermore, Koliakos et al. showed that the AH of patients with
exfoliation syndrome (XFS) and cataract had an elevated level of
8-isoPGF2α, thus, supporting a role for IsoPs in XFS and cataract
development. When used as an OS marker in ocular studies,
IsoPs levels were significantly higher following tissue exposure
to oxidant stress condition (Dentchev et al., 2007). To the best
of our knowledge there are no reported studies on the role of
neuroprotanes in ocular pathophysiology. Clearly, the need for
more studies in this area of lipidomics could not be overempha-
sized. One can, however, speculate that since prostanoids play
a role in regulation of both inflammatory and neuroprotective
mechanisms in ocular tissues, both IsoPs and NeuroPs could
potentially modulate disease conditions that are characterized by
inflammation and neuronal degradation in the eye.
PHARMACOLOGICAL IMPLICATIONS
Although previously assumed to be inert, it is becoming appar-
ent that oxidant-derived metabolites can exert pharmacological
effects in biological tissues. Due to challenges involved in syn-
thesizing and isolating pure metabolites and the lack of com-
mercially available pure neuroPs and IsoPs, the pharmacological
actions of these lipid metabolites have remained largely unex-
plored. The ability of these metabolites to exert pharmacological
effects in the eye may underlie the mechanism whereby reactive
oxygen metabolites play a role in ocular diseases such as glau-
coma. Further studies are indeed needed to determine the exact
pharmacological role of oxygen-derived free radicals in ocular
diseases.
PEROXIDES
The anterior segment of the eye has the capacity to protect against
deleterious action of oxygen-derive free radicals and is involved
in the metabolism of both endogenous and exogenous H2O2.
Exogenous application of H2O2 and its synthetic peroxides have
been reported to exert pharmacological/toxicological actions on
tissues of the anterior uvea of several mammalian species. Earlier
studies have demonstrated that intracameral injection of H2O2
in the rabbit eye can result in lowered IOP and morpholog-
ical changes in the anterior chamber (Birnbaum et al., 1987;
Csukas and Green, 1988). In addition, H2O2 has been shown to
increase sympathetic neurotransmission in iris-ciliary bodies, an
action that is dependent on the generation of reactive ROS, trace
amounts of extracellular calcium and the functional integrity of
mitochondrial calcium stores (Birnbaum et al., 1987; Csukas and
Green, 1988; Opere and Ohia, 1998). The observed increase of
sympathetic activity could lead to vasoconstriction in the ante-
rior uvea which may cause a reduction in AH production and
consequently a decrease in IOP. There is evidence that PG and
thromboxanes (Tx) canmediate the excitatory effects of peroxides
on sympathetic neurotransmission in mammalian irides and reg-
ulate their inhibitory effects onmuscarinic receptor-induced con-
traction of iris smooth muscle. Graham et al. demonstrated how
the cyclooxygenase (COX) inhibitor flurbiprofen attenuated the
increased action of H2O2 and cumene hydroperoxide (a synthetic
peroxide) on norepinephrine (NE) release (Graham et al., 2000).
The enzyme CAT which is involved in the metabolism of H2O2
has also been linked to neurotransmission regulation by perox-
ides in ocular tissues. Matutte et al. showed that the inhibition of
catalase unmasked an excitatory action of H2O2 on evoked NE
release and an inhibitory effect on muscarinic receptor-induced
contraction of iris smooth muscle (Matutte et al., 2000). These
studies establish that inhibiting peroxide metabolism causes both
sympathetic nerves and smooth muscles of the anterior uvea to
be more susceptible to the harmful effects of H2O2.
The retina is highly susceptible to auto-oxidation via free rad-
ical mechanism due to its high content of polyunsaturated fatty
acids. Peroxides such as H2O2, possess the ability to impair glu-
tamate release. LeDay et al. reported that both H2O2 and cumene
hydroperoxide inhibited potassium-evoked release of glutamate
(using [3H]D-aspartate as a marker) from bovine retinae, a
response prevented by the antioxidant trolox (LeDay et al., 2004).
Furthermore, CAT inhibition enhanced the inhibitory action of
H2O2 on glutamate release. Together these studies indicate that
the inhibitory actions of peroxides on potassium-stimulated glu-
tamate release in the retina is dependent on the generation of
ROS and catalase. In a related study, these workers observed
that peroxides such as H2O2 can decrease both glutamate and
glycine concentrations and that catalase inhibition also caused
a significant reduction in glutamate and glycine concentrations.
Furthermore, LeDay et al. observed that peroxides can directly
stimulate the production of COX and non-COX derived metabo-
lites of the AA pathway and that these products are involved in
mediating the effects of H2O2 on glutamanergic transmission in
the retina (LeDay et al., 2004). These data indicate a vital role for
endogenously produced peroxides in the regulation of amino acid
neurotransmission in the retina.
LCPUFA PEROXIDATION METABOLITES
LCPUFAmetabolites such as IsoPs and NeuroPs have been shown
to exert pharmacological and toxicological effects in ocular tis-
sues. Topical use of 8-iso-PGE2 reduces IOP in normal monkey
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eyes as well as those affected by glaucoma. In addition, there
is evidence that IsoPs can regulate neurotransmission in human
and mammalian ocular tissues. Awe et al. reported that 8-iso-
PGF2α enhances electrically evoked NE release from isolated
human iris-ciliary bodies. This effect is blocked by the throm-
boxane receptor (TP) antagonist SQ-29548 suggesting that TP
receptors mediate the mechanisms of 8-iso-PGF2α. Conversely, 8-
iso-PGE2 was found to inhibit electrically stimulated NE release
from the same tissue, a response that was not affected by SQ-
29548. Taken together, these studies indicate that 8-iso-PGF2α
and 8-iso-PGE2 exert opposing effects on sympathetic neuro-
transmitter in human iris-ciliary bodies via different receptors
or mechanisms (Awe et al., 2000). In contrast, another study by
a different group showed that both 8-iso-PGF2α and 8-iso-PGE2
enhanced electrical-evoked NE release from bovine iris, an action
that was blocked by the TP receptor antagonist SQ-29548 (Awe
et al., 2000; Opere et al., 2001a). These observations support the
view that a species-specific difference in response to IsoPs may
exist in ocular tissues.
In addition to the anterior uvea, IsoPs also regulate neu-
rotransmission in mammalian retina. Liu et al. demonstrated
that IsoPs can attenuate dopamine release from isolated bovine
retina (Liu et al., 2008). There is evidence that the enzymes COX
and Tx synthase may be involved in the effects of IsoPs. The
COX inhibitor, indomethacin has been shown to reduce contrac-
tile response of 8-iso-PGF2α in the retinal vasculature of piglets
and it blocked the excitatory effect of high concentration 8-iso-
PGF2α on [3H]D-aspartate release from bovine retina (Lahaie
et al., 1998; Opere et al., 2005). Studies also report IsoPs are
potent vasoconstrictor of vessels in piglet retina (Lahaie et al.,
1998; Hou et al., 2004). There is evidence that in mammalian
retina, the pharmacological effect of IsoPs involve Tx receptor
(TP) and prostanoid (EP) receptors. Opere et al. showed that
8-iso-PGF2α elicited a dual effect on potassium-induced gluta-
mate release (using [3H]D-aspartate as a marker) from bovine
retina (Lahaie et al., 1998; Opere et al., 2001b; Hou et al., 2004;
Opere et al., 2005, 2008). At low concentrations (1-100nM), 8-
iso-PGF2α activated the PGE receptors (EP) EP1/EP2 to produce
an inhibitory response on glutamate release. Higher concentra-
tions (100nM-30uM) of 8-iso-PGF2α acted upon the TP receptor,
promoting an excitatory effect upon glutamate release. Other
studies also demonstrate that 8-iso-PGE2 exerts its action by
activation of EP receptors because this response was blocked by
EP receptor antagonists SC-19220(EP1), AH-6809(EP1-3), and
AH-23848(EP4) (Zhao et al., 2008, 2009). The pharmacological
actions of neuroPs remain largely unexplored but in preliminary
studies, neuroPs have been shown to exert an excitatory effect
on potassium-evoked glutamate release from bovine retina using
[3H]D-aspartate as a marker. Likewise, intravitreally injected
neuroP enhanced retinal glutamate and glycine levels in bovine
retina (Hou et al., 2004; Opere et al., 2005, 2008; Zhao et al.,
2008, 2009; Jamil et al., 2012). Glutamate is the major excita-
tory amino acid neurotransmitter in the retina and is involved in
the transfer of visual information from the retina to the brain. A
defect in glutamate synaptic transmission and uptake can result
in glutamate neurotoxicity and cell death in the retina (Nucci
et al., 2005; Pulido et al., 2007). Since neuronal excitotoxicity is
preceded by elevation in neuronal glutamate concentrations, the
ability of IsoPs and neuroPs to regulate excitatory neurotransmit-
ter release could have significant pharmacological implications in
mammalian ocular tissues.
PERSPECTIVE
Products of oxygen-derived free radical pathway such as perox-
ides and LCPUFA metabolites are involved in oxidative reactions
in the eye and could play a major role in the pathophysiology of
most ocular diseases. In addition to their pathological roles, these
metabolites can exert pharmacological actions on tissues of the
anterior uvea and retina. The ability of peroxides such as H2O2 to
affect neurotransmitter pools from sympathetic and glutaminer-
gic nerves in the eye may help provide insights on the underlying
mechanism by which ROS contribute to ocular pathologies. It
is well established that OS is an underlying pathology in ocular
neurodegenerative diseases of the eye such as glaucoma and DR.
Since LCPUFAs play a significant role in cellular structure and
signaling, it is necessary to delineate the role of LCPUFA metabo-
lites in the progression of ocular neurodegenerative diseases in the
eye. In spite of current research, the role of lipid metabolites like
NeuroPs and IsoPs in regulation of ocular disease is not yet clear.
It is possible that addition of these lipid by-products to proteins
could serve as diagnostic markers of endogenous peroxidation
status. Furthermore, since numerous stereoisomers and regioiso-
mers of IsoPs and neuroPs can be generated, in vivo, it is possible
that the summation of their effects could significantly impact the
homeostatic environment within the cell. Indeed further research
is warranted to fully delineate the biological significance of these
lipid mediators on biological systems like the eye.
The hypothesized role of oxidation in the development of ocu-
lar diseases has prompted research into the use of antioxidants
as neuroprotective agents in ocular therapy. It is thought that
people with low systemic antioxidant levels may be more prone
to oxidative damage in ocular tissues. As such, substantial body
of research, though controversial indicates that antioxidants can
ameliorate certain common and uncommon ocular conditions.
Despite inconclusive data suggesting that people who eat a diet
rich in antioxidant vitamins such as carotenoids, vitamins C and
E or minerals (selenium and zinc) are less likely to develop certain
ocular diseases, several studies provide evidence supporting a role
for these nutrients in preservation of vision. Indeed vitamins B,
C and selenium have been shown to reduce the risk of cataract
and prevent its development (Rapp et al., 2000; Chiu et al., 2007).
In addition, vitamin E deficiency increases H2O2 levels and the
intracellular production of ROS (Chow et al., 1999). Studies
depict a synergism between vitamin E and C; vitamin C reduces
oxidized vitamin E, which is crucial for protecting cell membranes
from lipid peroxidation (Varma, 1991; Kang et al., 2003). Natural
products such as zinc gluconate, marygold flower extract, ascor-
bic acid, blueberry extract and trans-resveratrol are also known to
have antioxidant effects in the eye and have been used widely to
improve vision and ocular health. Flavonoids and other antioxi-
dants including Ginkgo biloba, Qi Ming granule have been found
to be beneficial in promoting ocular health, and reduce OS in the
eye (Jayle et al., 1965; Urso, 1967; Porcella et al., 2001; Rhee et al.,
2001; Jarvinen et al., 2002; Majumdar and Srirangam, 2010).
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Furthermore, observational and experimental data from the Age-
Related Eye Disease Study (AREDS) suggest that antioxidant
intake may delay progression of ARMD and vision loss (Age-
Related Eye Disease Study Research Group, 2001). Although the
use of antioxidants looks promising for improving outcomes in
ocular disorders, more investigation is warranted in order to stan-
dardize indication for use, composition and dosing for treatment.
At the present time, there remains insufficient scientific data to
recommend routine antioxidant intake for primary prevention of
ocular neuropathies resulting from lipid peroxidation.
REFERENCES
Collaborative Normal-Tension Glaucoma Study Group. (1998). Comparison
of glaucomatous progression between untreated patients with normal-
tension glaucoma and patients with therapeutically reduced intraocular
pressures. Am. J. Ophthalmol. 126, 487–497. doi: 10.1016/S0002-9394(98)
00223-2
The AGIS Investigators. (2000). The Advanced Glaucoma Intervention Study
(AGIS): 7. The relationship between control of intraocular pressure and visual
field deterioration. Am. J. Ophthalmol. 130, 429–440. doi: 10.1016/S0002-9394
(00)00538-9
Age-Related Eye Disease Study Research Group. (2001). A randomized, placebo-
controlled, clinical trial of high-dose supplementation with vitamins C
and E, beta carotene, and zinc for age-related macular degeneration and
vision loss: AREDS report no. 8. Arch Ophthalmol. 119, 1417–1436. doi:
10.1001/archopht.119.10.1417
Al-Shabrawey, M., and Smith, S. (2010). Prediction of diabetic retinopathy: role of
oxidative stress and relevance of apoptotic biomarkers. EPMA J. 1, 56–72. doi:
10.1007/s13167-010-0002-9
Alvarado, J., Murphy, C., and Juster, R. (1984). Trabecular meshwork cellularity in
primary open-angle glaucoma and nonglaucomatous normals. Ophthalmology
91, 564–579. doi: 10.1016/S0161-6420(84)34248-8
Alvarado, J., Murphy, C., Polansky, J., and Juster, R. (1981). Age-related changes in
trabecular meshwork cellularity. Invest. Ophthalmol. Vis. Sci. 21, 714–727.
Atilano, S. R., Chwa, M., Kim, D. W., Jordan, N., Udar, N., Coskun, P., et al. (2009).
Hydrogen peroxide causes mitochondrial DNA damage in corneal epithelial
cells. Cornea 28, 426–433. doi: 10.1097/ICO.0b013e31818c2c55
Awe, S. O., Opere, C. A., Harris, L. C., Uketui, A. J., and Ohia, S. E. (2000). Effect
of isoprostanes on sympathetic neurotransmission in the human isolated iris-
ciliary body. Neurochem. Res. 25, 491–496. doi: 10.1023/A:1007560025570
Babizhayev, M. A., and Bunin, A. Y. (1989). Lipid peroxidation in open-angle
glaucoma. Acta Ophthalmol. (Copenh.) 67, 371–377. doi: 10.1111/j.1755-
3768.1989.tb01617.x
Beatty, S., Koh, H., Phil, M., Henson, D., and Boulton, M. (2000). The role of
oxidative stress in the pathogenesis of age-related macular degeneration. Surv.
Ophthalmol. 45, 115–134. doi: 10.1016/S0039-6257(00)00140-5
Berthoud, V. M., and Beyer, E. C. (2009). Oxidative stress, lens gap junctions, and
cataracts. Antioxid. Redox Signal. 11, 339–353. doi: 10.1089/ars.2008.2119
Bertram, K. M., Baglole, C. J., Phipps, R. P., and Libby, R. T. (2009).
Molecular regulation of cigarette smoke induced-oxidative stress in human
retinal pigment epithelial cells: implications for age-related macular degen-
eration. Am. J. Physiol. Cell Physiol. 297, C1200–C1210. doi: 10.1152/ajpcell.
00126.2009
Birnbaum, D., Csukas, S., Costarides, A., Forbes, E., and Green, K. (1987).
3-amino-triazole effects on the eye of young and adult rabbits in the pres-
ence and absence of hydrogen peroxide. Curr. Eye Res. 6, 1403–1414. doi:
10.3109/02713688709044504
Blokhina, O., Virolainen, E., and Fagerstedt, K. V. (2003). Antioxidants, oxidative
damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179–194. doi:
10.1093/aob/mcf118
Brennan, L. A., and Kantorow, M. (2009). Mitochondrial function and redox con-
trol in the aging eye: role of MsrA and other repair systems in cataract and mac-
ular degenerations. Exp. Eye Res. 88, 195–203. doi: 10.1016/j.exer.2008.05.018
Bruban, J., Glotin, A. L., Dinet, V., Chalour, N., Sennlaub, F., Jonet, L., et al. (2009).
Amyloid-beta(1-42) alters structure and function of retinal pigmented epithelial
cells. Aging Cell 8, 162–177. doi: 10.1111/j.1474-9726.2009.00456.x
Centers for Disease Control and Prevention. (2013). Division of Diabetes
Translation, National Center for Chronic Disease Prevention and
Health Promotion. Vision Health Initiative (VHI). Common Eye
Disorders. Available online at: http://www.cdc.gov/visionhealth/
basic_information/eye_disorders.htm. Accessed April 23, 2013-Present.
Chaudhary, P., Ahmed, F., Quebada, P., and Sharma, S. C. (1999). Caspase
inhibitors block the retinal ganglion cell death following optic nerve tran-
section. Brain Res. Mol. Brain Res. 67, 36–45. doi: 10.1016/S0169-328X(99)
00032-7
Cheung, N., Mitchell, P., and Wong, T. Y. (2010). Diabetic retinopathy. Lancet 376,
124–136. doi: 10.1016/S0140-6736(09)62124-3
Chiu, C. J., Milton, R. C., Klein, R., Gensler, G., andTaylor, A. (2007).
Dietary carbohydrate and the progression of age-related macu-
lar degeneration: a prospective study from the Age-Related Eye
Disease Study. Am. J. Clin. Nutr. 86, 1210–1218. Available online at:
http://ajcn.nutrition.org/content/86/4/1210.long
Chow, C. K., Ibrahim, W., Wei, Z., and Chan, A. C. (1999). Vitamin E regu-
lates mitochondrial hydrogen peroxide generation. Free Radic. Biol. Med. 27,
580–587. doi: 10.1016/S0891-5849(99)00121-5
Costarides, A. P., Riley, M. V., and Green, K. (1991). Roles of catalase and the glu-
tathione redox cycle in the regulation of anterior-chamber hydrogen peroxide.
Ophthalmic Res. 23, 284–294. doi: 10.1159/000267124
Cracowski, J. L., Durand, T., and Bessard, G. (2002). Isoprostanes as a biomarker
of lipid peroxidation in humans: physiology, pharmacology and clinical impli-
cations. Trends Pharmacol. Sci. 23, 360–366. doi: 10.1016/S0165-6147(02)
02053-9
Csukas, S. C., and Green, K. (1988). Effects of intracameral hydrogen peroxide in
the rabbit anterior chamber. Invest. Ophthalmol. Vis. Sci. 29, 335–339.
Cui, Q., Tang, L. S., Hu, B., So, K. F., and Yip, H. K. (2002). Expression of
trkA, trkB, and trkC in injured and regenerating retinal ganglion cells of
adult rats. Invest. Ophthalmol. Vis. Sci. 43, 1954–1964. Available online at:
http://www.iovs.org/content/43/6/1954.long
De, C. R., Cybulsky, M. I., Clinton, S. K., Gimbrone, M. A. Jr., and Libby, P. (1994).
The omega-3 fatty acid docosahexaenoate reduces cytokine-induced expression
of proatherogenic and proinflammatory proteins in human endothelial cells.
Arterioscler. Thromb. 14, 1829–1836. doi: 10.1161/01.ATV.14.11.1829
Delanty, N., Reilly, M. P., Pratico, D., Lawson, J. A., McCarthy, J. F., Wood,
A. E., et al. (1997). 8-epi PGF2 alpha generation during coronary reperfu-
sion. A potential quantitative marker of oxidant stress in vivo. Circulation 95,
2492–2499. doi: 10.1161/01.CIR.95.11.2492
Dentchev, T., Yao, Y., Pratico, D., and Dunaief, J. (2007). Isoprostane F2alpha-VI, a
new marker of oxidative stress, increases following light damage to the mouse
retina. Mol. Vis. 13, 190–195.
Ethen, C. M., Reilly, C., Feng, X., Olsen, T. W., and Ferrington, D. A. (2007). Age-
related macular degeneration and retinal protein modification by 4-hydroxy-
2-nonenal. Invest. Ophthalmol. Vis. Sci. 48, 3469–3479. doi: 10.1167/iovs.
06-1058
Fam, S. S., Murphey, L. J., Terry, E. S., Zackert, W. E., Chen, Y., Gao, L., et al. (2002).
Formation of highly reactive A-ring and J-ring isoprostane-like compounds
(A4/J4-neuroprostanes) in vivo from docosahexaenoic acid. J. Biol. Chem. 277,
36076–36084. doi: 10.1074/jbc.M205638200
Ferreira, S. M., Lerner, S. F., Brunzini, R., Evelson, P. A., and Llesuy, S. F. (2004).
Oxidative stress markers in aqueous humor of glaucoma patients. Am. J.
Ophthalmol. 137, 62–69. doi: 10.1016/S0002-9394(03)00788-8
Gao, H., Qiao, X., Hefti, F., Hollyfield, J. G., and Knusel, B. (1997). Elevated
mRNA expression of brain-derived neurotrophic factor in retinal gan-
glion cell layer after optic nerve injury. Invest. Ophthalmol. Vis. Sci. 38,
1840–1847.
Gherghel, D., Griffiths, H. R., Hilton, E. J., Cunliffe, I. A., and Hosking, S. L. (2005).
Systemic reduction in glutathione levels occurs in patients with primary open-
angle glaucoma. Invest. Ophthalmol. Vis. Sci. 46, 877–883. doi: 10.1167/iovs.04-
0777
Gilgun-Sherki, Y., Rosenbaum, Z., Melamed, E., and Offen, D. (2002). Antioxidant
therapy in acute central nervous system injury: current state. Pharmacol. Rev.
54, 271–284. doi: 10.1124/pr.54.2.271
Gopaul, N. K., Anggard, E. E., Mallet, A. I., Betteridge, D. J., Wolff, S. P., and
Nourooz-Zadeh, J. (1995). Plasma 8-epi-PGF2 alpha levels are elevated in indi-
viduals with non-insulin dependent diabetes mellitus. FEBS Lett. 368:225–229.
doi: 10.1016/0014-5793(95)00649-T
www.frontiersin.org December 2013 | Volume 4 | Article 366 | 7
Njie-Mbye et al. Lipid peroxidation: pathophysiological and pharmacology in the eye
Graham, J., Awe, S. O., LeDay, A. M., et al. (2000). Effect of inhibition of cyclooxy-
genase on pre- and postjunctional actions of peroxides in the iris-ciliary body.
Neurochem. Res. 25, 519–525. doi: 10.1023/A:1007568227387
Green, K. (1995). Free radicals and aging of anterior segment tissues of the
eye: a hypothesis. Ophthalmic Res. 27(Suppl. 1), 143–149. doi: 10.1159/
000267860
Greene, E. L., and Paller, M. S. (1992). Xanthine oxidase produces O2-. in posthy-
poxic injury of renal epithelial cells. Am. J. Physiol. 263, F251–F255.
Grierson, I., and Howes, R. C. (1987). Age-related depletion of the cell popula-
tion in the human trabecular meshwork. Eye (Lond.) 1(Pt 2), 204–210. doi:
10.1038/eye.1987.38
Grierson, I., Howes, R. C., and Wang, Q. (1984). Age-related changes in the canal
of Schlemm. Exp. Eye Res. 39, 505–512. doi: 10.1016/0014-4835(84)90050-2
Grimble, R. F. (1998). Dietary lipids and the inflammatory response. Proc. Nutr.
Soc. 57, 535–542. doi: 10.1079/PNS19980078
Gurler, B., Vural, H., Yilmaz, N., Oguz, H., Satici, A., and Aksoy, N. (2000). The
role of oxidative stress in diabetic retinopathy. Eye (Lond.) 14(Pt 5), 730–735.
doi: 10.1038/eye.2000.193
Hollyfield, J. G. (2010). Age-related macular degeneration: the molecular link
between oxidative damage, tissue-specific inflammation and outer retinal dis-
ease: the Proctor lecture. Invest. Ophthalmol. Vis. Sci. 51, 1275–1281. doi:
10.1167/iovs.09-4478
Hollyfield, J. G., Bonilha, V. L., Rayborn, M. E., Yang, X., Shadrach, K. G., Lu,
L., et al. (2008). Oxidative damage induced inflammation initiates age-related
macular degeneration. Nat. Med. 14, 194–198. doi: 10.1038/nm1709
Hou, X., Roberts, L. J., Gobeil, F., Jr., et al. (2004). Isomer-specific contractile
effects of a series of synthetic f2-isoprostanes on retinal and cerebral microvas-
culature. Free Radic. Biol. Med. 36, 163–172. doi: 10.1016/j.freeradbiomed.2003.
10.024
Huang, W., Fileta, J. B., Filippopoulos, T., Ray, A., Dobberfuhl, A., and Grosskreutz,
C. L. (2007). Hsp27 phosphorylation in experimental glaucoma. Invest.
Ophthalmol. Vis. Sci. 48, 4129–4135. doi: 10.1167/iovs.06-0606
Izzotti, A., Bagnis, A., and Sacca, S. C. (2006). The role of oxidative stress in
glaucoma. Mutat. Res. 612, 105–114. doi: 10.1016/j.mrrev.2005.11.001
Izzotti, A., Sacca, S. C., Longobardi, M., and Cartiglia, C. (2009). Sensitivity of
ocular anterior chamber tissues to oxidative damage and its relevance to the
pathogenesis of glaucoma. Invest. Ophthalmol. Vis. Sci. 50, 5251–5258. doi:
10.1167/iovs.09-3871
Jamil, J., Wright, A., Harrison, N., et al. (2012). Regulation of [(3)H]d-aspartate
release by the 5-F(2t)-isoprostane and its 5-epimer in isolated bovine retina.
Neurochem. Res. 37, 574–582. doi: 10.1007/s11064-011-0645-5
Jarrett, S. G., and Boulton, M. E. (2012). Consequences of oxidative stress
in age-related macular degeneration. Mol. Aspects Med. 33, 399–417. doi:
10.1016/j.mam.2012.03.009
Jarvinen, T., Pate, D. W., and Laine, K. (2002). Cannabinoids in the treat-
ment of glaucoma. Pharmacol. Ther. 95, 203–220. doi: 10.1016/S0163-7258(02)
00259-0
Jayle, G. E., Aubry, M., Gavini, H., Braccini, G., and De la Baume, C. (1965). [Study
concerning the action of anthocyanoside extracts of Vaccinium Myrtillus on
night vision]. Ann. Ocul. (Paris) 198, 556–562.
Jin, X. H., Ohgami, K., Shiratori, K., Koyama, Y., Yoshida, K., Kase, S., et al.
(2007). Inhibition of nuclear factor-kappa B activation attenuates hydrogen
peroxide-induced cytotoxicity in human lens epithelial cells. Br. J. Ophthalmol.
91, 369–371. doi: 10.1136/bjo.2006.107037
Kahn, M. G., Giblin, F. J., and Epstein, D. L. (1983). Glutathione in calf tra-
becular meshwork and its relation to aqueous humor outflow facility. Invest.
Ophthalmol. Vis. Sci. 24, 1283–1287.
Kaiser, N., Sasson, S., Feener, E. P., Boukobza-Vardi, N., Higashi, S., Moller, D. E.,
et al. (1993). Differential regulation of glucose transport and transporters by
glucose in vascular endothelial and smooth muscle cells. Diabetes 42, 80–89.
doi: 10.2337/diab.42.1.80
Kang, J. H., Pasquale, L. R., Willett, W., Rosner, B., Egan, K. M., Faberowski,
N., et al. (2003). Antioxidant intake and primary open-angle glaucoma:
a prospective study. Am. J. Epidemiol. 158, 337–346. doi: 10.1093/aje/
kwg167
Kanwar, M., Chan, P. S., Kern, T. S., and Kowluru, R. A. (2007). Oxidative damage
in the retinal mitochondria of diabetic mice: possible protection by superox-
ide dismutase. Invest. Ophthalmol. Vis. Sci. 48, 3805–3811. doi: 10.1167/iovs.
06-1280
Kasahara, E., Lin, L. R., Ho, Y. S., and Reddy, V. N. (2005). SOD2 protects against
oxidation-induced apoptosis in mouse retinal pigment epithelium: implica-
tions for age-related macular degeneration. Invest. Ophthalmol. Vis. Sci. 46,
3426–3434. doi: 10.1167/iovs.05-0344
Ko, M. L., Peng, P. H., Ma, M. C., Ritch, R., and Chen, C. F. (2005).
Dynamic changes in reactive oxygen species and antioxidant levels in
retinas in experimental glaucoma. Free Radic. Biol. Med. 39, 365–373. doi:
10.1016/j.freeradbiomed.2005.03.025
Koliakos, G. G., Konstas, A. G., Schlotzer-Schrehardt, U., Hollo, G., Katsimbris,
I. E., Georgiadis, N., et al. (2003). 8- Isoprostaglandin F2a and ascor-
bic acid concentration in the aqueous humour of patients with exfo-
liation syndrome. Br. J. Ophthalmol. 87, 353–356. doi: 10.1136/bjo.87.
3.353
Kuusisto, J., Mykkanen, L., Pyorala, K., and Laakso, M. (1994). NIDDM and its
metabolic control predict coronary heart disease in elderly subjects. Diabetes
43, 960–967. doi: 10.2337/diab.43.8.960
Lahaie, I., Hardy, P., Hou, X., Hassessian, H., Asselin, P., Lachapelle, P., et al. (1998).
A novel mechanism for vasoconstrictor action of 8-isoprostaglandin F2 alpha
on retinal vessels. Am. J. Physiol. 274, R1406–R1416.
LeDay, A. M., Kulkarni, K. H., Opere, C. A., and Ohia, S. E. (2004). Arachidonic
acid metabolites and peroxide-induced inhibition of [3H]D-aspartate
release from bovine isolated retinae. Curr. Eye Res. 28, 367–372. doi:
10.1076/ceyr.28.5.367.28675
Levin, L. A., Schlamp, C. L., Spieldoch, R. L., Geszvain, K. M., and Nickells, R.
W. (1997). Identification of the bcl-2 family of genes in the rat retina. Invest.
Ophthalmol. Vis. Sci. 38, 2545–2553.
Li, L., Duker, J. S., Yoshida, Y., Niki, E., Rasmussen, H., Russell, R., et al. (2009).
Oxidative stress and antioxidant status in older adults with early cataract. Eye
(Lond.) 23, 1464–1468. doi: 10.1038/eye.2008.281
Liles, M. R., Newsome, D. A., and Oliver, P. D. (1991). Antioxidant enzymes in the
aging human retinal pigment epithelium. Arch. Ophthalmol. 109, 1285–1288.
doi: 10.1001/archopht.1991.01080090111033
Liu, H., Zhao, M., and Opere, C. A. (2008). Prejunctional inhibitory effects of
isoprostanes on dopaminergic neurotransmission in bovine retinae, in vitro.
Neurochem. Res. 33, 37–42. doi: 10.1007/s11064-007-9404-z
Ma, W., Li, D., Sun, F., Kleiman, N. J., and Spector, A. (2004). The effect of
stress withdrawal on gene expression and certain biochemical and cell biolog-
ical properties of peroxide-conditioned cell lines. FASEB J. 18, 480–488. doi:
10.1096/fj.03-0732com
Madsen-Bouterse, S. A., and Kowluru, R. A. (2008). Oxidative stress and diabetic
retinopathy: pathophysiological mechanisms and treatment perspectives. Rev.
Endocr. Metab. Disord. 9, 315–327. doi: 10.1007/s11154-008-9090-4
Mainster, M. A. (1987). Light and macular degeneration: a biophysical and clinical
perspective. Eye (Lond.) 1(Pt 2), 304–310. doi: 10.1038/eye.1987.49
Majumdar, S., and Srirangam, R. (2010). Potential of the bioflavonoids in
the prevention/treatment of ocular disorders. J. Pharm. Pharmacol. 62,
951–965.
Malone, P. E., and Hernandez, M. R. (2007). 4-Hydroxynonenal, a product of
oxidative stress, leads to an antioxidant response in optic nerve head astrocytes.
Exp. Eye Res. 84, 444–454. doi: 10.1016/j.exer.2006.10.020
Matutte, B., Awe, S. O., Ameh, F. A., LeDay, A. M., Rice, J. C., Opere, C. A., et al.
(2000). Role of catalase in pre- and postjunctional responses of mammalian iri-
des to hydrogen peroxide. J. Ocul. Pharmacol. Ther. 16, 429–438. doi: 10.1089/
jop.2000.16.429
Morrow, J. D. (2000). The isoprostanes: their quantification as an index of oxi-
dant stress status in vivo. Drug Metab. Rev. 32, 377–385. doi: 10.1081/DMR-
100102340
Morrow, J. D. (2006). The isoprostanes - unique products of arachidonate peroxi-
dation: their role as mediators of oxidant stress. Curr. Pharm. Des. 12, 895–902.
doi: 10.2174/138161206776055985
M., Yoshida, Y., Kaidzu, S., Ohira, A., and Niki, E. (2006). Detection of lipid perox-
idation in light-exposed mouse retina assessed by oxidative stress markers, total
hydroxyoctadecadienoic acid and 8-iso-prostaglandin F2alpha. Neurosci. Lett.
398, 63–68. doi: 10.1016/j.neulet.2005.12.070
Nourooz-Zadeh, J., and Pereira, P. (2000). F(2) isoprostanes, potential specific
markers of oxidative damage in human retina. Ophthalmic Res. 32, 133–137.
doi: 10.1159/000055603
Nucci, C., Tartaglione, R., Rombola, L., Morrone, L. A., Fazzi, E., and Bagetta,
G. (2005). Neurochemical evidence to implicate elevated glutamate in the
Frontiers in Physiology | Membrane Physiology and Membrane Biophysics December 2013 | Volume 4 | Article 366 | 8
Njie-Mbye et al. Lipid peroxidation: pathophysiological and pharmacology in the eye
mechanisms of high intraocular pressure (IOP)-induced retinal ganglion cell
death in rat. Neurotoxicology 26, 935–941. doi: 10.1016/j.neuro.2005.06.002
O’Connell, E. D., Nolan, J. M., Stack, J., Greenberg, D., Kyle, J., Maddock, L., et al.
(2008). Diet and risk factors for age related maculopathy. Am. J. Clin. Nutr. 87,
712–722.
Ohia, S. E., Opere, C. A., and LeDay, A. M. (2005). Pharmacological conse-
quences of oxidative stress in ocular tissues. Mutat. Res. 579, 22–36. doi:
10.1016/j.mrfmmm.2005.03.025
Ohkubo, Y., Kishikawa, H., Araki, E., Miyata, T., Isami, S., Motoyoshi, S., et al.
(1995). Intensive insulin therapy prevents the progression of diabetic microvas-
cular complications in Japanese patients with non-insulin-dependent diabetes
mellitus: a randomized prospective 6-year study. Diabetes Res. Clin. Pract. 28,
103–117. doi: 10.1016/0168-8227(95)01064-K
Opere, C. A., Awe, S. O., Harris, L. C., LeDay, A. M., and Ohia, S. E. (2001a).
Potentiation of sympathetic neurotransmission in bovine isolated irides by
isoprostanes. Free Radic. Res. 35, 257–264. doi: 10.1080/10715760100300791
Opere, C. A., Awe, S. O., Harris, L. C., LeDay, A. M., and Ohia, S. E. (2001b).
Potentiation of sympathetic neurotransmission in bovine isolated irides by
isoprostanes. Free Radic. Res. 35, 257–264. doi: 10.1080/10715760100300791
Opere, C. A., Ford, K., Zhao, M., and Ohia, S. E. (2008). Regulation of neuro-
transmitter release from ocular tissues by isoprostanes.Methods Find. Exp. Clin.
Pharmacol. 30, 697–701. doi: 10.1358/mf.2008.30.9.1323495
Opere, C. A., and Ohia, S. E. (1998). Prejunctional alpha2-adrenoceptors and
peroxide-induced potentiation of norepinephrine release from the bovine iris.
Neurochem. Res. 23, 1093–1098. doi: 10.1023/A:1020764220449
Opere, C. A., Zheng, W. D., Huang, J., Adewale, A., Kruglet, M., and Ohia, S. E.
(2005). Dual effect of isoprostanes on the release of [3H]D-aspartate from iso-
lated bovine retinae: role of arachidonic acid metabolites. Neurochem. Res. 30,
129–137. doi: 10.1007/s11064-004-9694-3
Organisciak, D. T., Darrow, R. M., Barsalou, L., Darrow, R. A., Kutty, R. K., Kutty,
G., et al. (1998). Light history and age-related changes in retinal light damage.
Invest. Ophthalmol. Vis. Sci. 39, 1107–1116.
Osborne, N. N., Ugarte, M., Chao, M., Chidlow, G., Bae, J. H., Wood, J. P., et al.
(1999). Neuroprotection in relation to retinal ischemia and relevance to glau-
coma. Surv. Ophthalmol. 43(Suppl. 1), S102–S128. doi: 10.1016/S0039-6257(99)
00044-2
Pan, H. Z., Zhang, H., Chang, D., Li, H., and Sui, H. (2008). The change of oxidative
stress products in diabetes mellitus and diabetic retinopathy. Br. J. Ophthalmol.
92, 548–551. doi: 10.1136/bjo.2007.130542
Parmeggiani, F., Romano, M. R., Costagliola, C., Semeraro, F., Incorvaia, C.,
D’Angelo, S., et al. (2012). Mechanism of inflammation in age-related
macular degeneration. Mediators Inflamm. 2012:546786. doi: 10.1155/2012/
546786
Porcella, A., Maxia, C., Gessa, G. L., and Pani, L. (2001). The synthetic cannabinoid
WIN55212-2 decreases the intraocular pressure in human glaucoma resistant
to conventional therapies. Eur. J. Neurosci. 13, 409–412. doi: 10.1046/j.0953-
816X.2000.01401.x
Pulido, J. E., Pulido, J. S., Erie, J. C., Arroyo, J., Bertram, K., Lu, M. J., et al. (2007).
A role for excitatory amino acids in diabetic eye disease. Exp. Diabetes Res.
2007:36150. doi: 10.1155/2007/36150
Qu, J., Wang, D., and Grosskreutz, C. L. (2010). Mechanisms of retinal gan-
glion cell injury and defense in glaucoma. Exp. Eye Res. 91, 48–53. doi:
10.1016/j.exer.2010.04.002
Rapp, L. M., Maple, S. S., and Choi, J. H. (2000). Lutein and zeaxanthin con-
centrations in rod outer segment membranes from perifoveal and peripheral
human retina. Invest. Ophthalmol. Vis. Sci. 41, 1200–1209. Available online at:
http://www.iovs.org/content/41/5/1200.long
Reich, E. E., Zackert, W. E., Brame, C. J., Chen, Y., Roberts, L. J., Hachey, D. L.,
et al. (2000). Formation of novel D-ring and E-ring isoprostane-like compounds
(D4/E4-neuroprostanes) in vivo from docosahexaenoic acid. Biochemistry 39,
2376–2383. doi: 10.1021/bi992000l
Resch, H., Garhofer, G., Fuchsjager-Mayrl, G., Hommer, A., and Schmetterer, L.
(2009). Endothelial dysfunction in glaucoma. Acta Ophthalmol. 87, 4–12. doi:
10.1111/j.1755-3768.2007.01167.x
Rhee, D. J., Katz, L. J., Spaeth, G. L., and Myers, J. S. (2001). Complementary
and alternative medicine for glaucoma. Surv. Ophthalmol. 46, 43–55. doi:
10.1016/S0039-6257(01)00233-8
Riley, M. V. (1990). Physiologic neutralization mechanisms and the response of the
corneal endothelium to hydrogen peroxide. CLAO J. 16, S16–S21.
Rose, R. C., Richer, S. P., and Bode, A. M. (1998). Ocular oxidants and antioxidant
protection. Proc. Soc. Exp. Biol. Med. 217, 397–407. doi: 10.3181/00379727-217-
44250
Sacca, S. C., Bolognesi, C., Battistella, A., Bagnis, A., and Izzotti, A. (2009). Gene-
environment interactions in ocular diseases. Mutat. Res. 667, 98–117. doi:
10.1016/j.mrfmmm.2008.11.002
Sacca, S. C., Izzotti, A., Rossi, P., and Traverso, C. (2007). Glaucomatous
outflow pathway and oxidative stress. Exp. Eye Res. 84, 389–399. doi:
10.1016/j.exer.2006.10.008
Sandbach, J. M., Coscun, P. E., Grossniklaus, H. E., Kokoszka, J. E., Newman, N.
J., and Wallace, D. C. (2001). Ocular pathology in mitochondrial superoxide
dismutase (Sod2)-deficient mice. Invest. Ophthalmol. Vis. Sci. 42, 2173–2178.
Available online at: http://www.iovs.org/content/42/10/2173.long
Sangiovanni, J. P., and Chew, E. Y. (2005). The role of omega-3 long-chain polyun-
saturated fatty acids in health and disease of the retina. Prog. Retin. Eye Res. 24,
87–138. doi: 10.1016/j.preteyeres.2004.06.002
Shang, F., Lu, M., Dudek, E., Reddan, J., and Taylor, A. (2003). Vitamin C and
vitamin E restore the resistance of GSH-depleted lens cells to H2O2. Free Radic.
Biol. Med. 34, 521–530. doi: 10.1016/S0891-5849(02)01304-7
Shichi, H. (2004). Cataract formation and prevention. Expert Opin. Investig. Drugs.
13, 691–701. doi: 10.1517/13543784.13.6.691
Skyler, J. S. (1996). Diabetic complications. The importance of glucose con-
trol. Endocrinol. Metab. Clin. North Am. 25, 243–254. doi: 10.1016/S0889-
8529(05)70323-6
Sommer, A., Tielsch, J. M., Katz, J., Quigley, H. A., Gottsch, J. D., Javitt,
J. C., et al. (1991). Racial differences in the cause-specific prevalence of
blindness in east Baltimore. N. Engl. J. Med. 325, 1412–1417. doi: 10.1056/
NEJM199111143252004
Urso, G. (1967). [Effect of Vaccinium myrtillus anthocyanosides associated with
betacarotenes on light sensitivity]. Ann. Ottalmol. Clin. Ocul. 93, 930–938.
van Reyk, D. M., Gillies, M. C., and Davies, M. J. (2003). The retina: oxidative stress
and diabetes. Redox Rep. 8, 187–192. doi: 10.1179/135100003225002673
Varma, S. D. (1991). Scientific basis for medical therapy of cataracts by antioxi-
dants. Am. J. Clin. Nutr. 53, 335S–345S.
Varma, S. D., and Hegde, K. R. (2007). Susceptibility of the ocular lens to nitric
oxide: implications in cataractogenesis. J. Ocul. Pharmacol. Ther. 23, 188–195.
doi: 10.1089/jop.2006.0124
Wielgus, A. R., and Sarna, T. (2008). Ascorbate enhances photogeneration of hydro-
gen peroxide mediated by the iris melanin. Photochem. Photobiol. 84, 683–691.
doi: 10.1111/j.1751-1097.2008.00341.x
Winkler, B. S., Boulton, M. E., Gottsch, J. D., and Sternberg, P. (1999). Oxidative
damage and age-related macular degeneration. Mol. Vis. 5, 32.
Wu, D., and Meydani, S. N. (1998). n-3 polyunsaturated fatty acids and immune
function. Proc. Nutr. Soc. 57, 503–509. doi: 10.1079/PNS19980074
Wu, G. S., Zhang, J., and Rao, N. A. (1997). Peroxynitrite and oxidative damage in
experimental autoimmune uveitis. Invest. Ophthalmol. Vis. Sci. 38, 1333–1339.
Yadav, P., Sarkar, S., and Bhatnagar, D. (1997a). Action of capparis decidua against
alloxan-induced oxidative stress and diabetes in rat tissues. Pharmacol. Res. 36,
221–228. doi: 10.1006/phrs.1997.0222
Yadav, P., Sarkar, S., and Bhatnagar, D. (1997b). Lipid peroxidation and antioxidant
enzymes in erythrocytes and tissues in aged diabetic rats. Indian J. Exp. Biol. 35,
389–392.
Yang, X. L. (2004). Characterization of receptors for glutamate and GABA in retinal
neurons. Prog. Neurobiol. 73, 127–150. doi: 10.1016/j.pneurobio.2004.04.002
Yildirim, Z., Ucgun, N. I., and Yildirim, F. (2011). The role of oxidative
stress and antioxidants in the pathogenesis of age-related macular degen-
eration. Clinics (Sao Paulo). 66, 743–746. doi: 10.1590/S1807-59322011000
500006
Yucel, I., Akar, Y., Yucel, G., Ciftcioglu, M. A., Keles, N., and Aslan, M. (2005).
Effect of hypercholesterolemia on inducible nitric oxide synthase expression in
a rat model of elevated intraocular pressure. Vision Res. 45, 1107–1114. doi:
10.1016/j.visres.2004.11.018
Yue, B. Y. (1996). The extracellular matrix and its modulation in the trabecu-
lar meshwork. Surv. Ophthalmol. 40, 379–390. doi: 10.1016/S0039-6257(96)
80066-X
Zhao, M., Destache, C. J., Ohia, S. E., and Opere, C. A. (2009). Role of prostanoid
production and receptors in the regulation of retinal endogenous amino acid
neurotransmitters by 8-isoprostaglandin E2, ex vivo. Neurochem. Res. 34:2170–
2180. doi: 10.1007/s11064-009-0013-x
www.frontiersin.org December 2013 | Volume 4 | Article 366 | 9
Njie-Mbye et al. Lipid peroxidation: pathophysiological and pharmacology in the eye
Zhao, M., Destache, C. J., Zhan, G., et al. (2008). Regulation of retinal mor-
phology and posterior segment amino acids by 8-isoprostaglandin E2 in
bovine eyes ex vivo. Methods Find. Exp. Clin. Pharmacol. 30, 615–626. doi:
10.1358/mf.2008.30.8.1268857
Zheng, L., and Kern, T. S. (2009). Role of nitric oxide, superoxide, peroxynitrite and
PARP in diabetic retinopathy. Front. Biosci. (Landmark Ed) 14, 3974–3987. doi:
10.2741/3505
Zhou, L., Li, Y., and Yue, B. Y. (1999). Oxidative stress affects cytoskeletal structure
and cell-matrix interactions in cells from an ocular tissue: the trabecular
meshwork. J. Cell. Physiol. 180, 182–189.
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 30 August 2013; paper pending published: 04 October 2013; accepted: 25
November 2013; published online: 16 December 2013.
Citation: Njie-Mbye YF, Kulkarni-Chitnis M, Opere CA, Barrett A and Ohia SE
(2013) Lipid peroxidation: pathophysiological and pharmacological implications in
the eye. Front. Physiol. 4:366. doi: 10.3389/fphys.2013.00366
This article was submitted to Membrane Physiology and Membrane Biophysics, a
section of the journal Frontiers in Physiology.
Copyright © 2013 Njie-Mbye, Kulkarni-Chitnis, Opere, Barrett and Ohia. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic prac-
tice. No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Physiology | Membrane Physiology and Membrane Biophysics December 2013 | Volume 4 | Article 366 | 10
